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Maintenance of body fluid ionic composition and pH is of
critical importance in homeostasis. Because of this, the ionic
composition and pH of the environment are major physical
factors limiting the distributions of organisms in aquatic
habitats. For aquatic invertebrates in general, including larval
insects such as Ephemeroptera and Trichoptera, species
richness and population densities decline at lower habitat pH
(Sutcliffe and Hildrew, 1989). Highly alkaline habitats also
show limited biodiversity. Larval mosquitoes can tolerate
ranges of ambient pH much greater than those tolerated by
other aquatic animals. There is no evidence that pH ever limits
the habitats of larval mosquitoes in nature (Clements, 2000),
where reported pH values for larval habitats range from
3.3 to 8.1 (Ochlerotatus taeniorhynchus), 4.4–9.3 (Aedes
geniculatus), 3.3–9.2 (Psorophora confinnis), and 4.4–9.3
(Anopheles plumbeus). In the laboratory, Aedes flavopictus has
been reared in waters ranging from pH 2–9, and Armigeres
subalbatus in the pH range of 2–10 (Keilin, 1932; Kurihara,
1959; MacGregor, 1921; Peterson and Chapman, 1970).
Despite the great range of ambient pH values tolerated by
larval mosquitoes in nature and in the laboratory, we have
almost no information about the effects of pH on larval growth
and development or about regulation of hemolymph pH in
these animals. The predominant physiological challenges of
life in acidic water are Ca2+ regulation, Na+ regulation, and
mobilization of toxic metals such as aluminum from the
substrate (Wiederholm, 1984). Most aquatic insects that have
been examined are able to maintain relatively constant
hemolymph pH when exposed to acid waters. This is
apparently achieved using ion exchange mechanisms,
especially Na+/H+ exchangers, to move acid/base equivalents.
Because of this, the mechanisms of low pH toxicity appear to
relate more strongly to disruption of general ionic balance,
especially Na+, than to failure of pH homeostasis per se
(Havas, 1981). Low pH is thus generally more harmful in
oligotrophic, low-ionic strength water, where ions involved in
coupled transport of acid or base equivalents are limited
(Vangenechten et al., 1989). Survival in alkaline conditions has
received less attention, but in larval mosquitoes it is known
to involve Cl–/HCO3– exchange occurring in the rectum
(Stobbart, 1971; Strange et al., 1982, 1984; Strange and
Phillips, 1985).
The present work investigates for the first time the effects
of ambient pH on growth and development of larval
mosquitoes. We compare the effects of ambient pH on two
mosquito species with very different saline tolerances within
the subfamily Aedini, Aedes aegypti (L.) and Ochlerotatus
taeniorhynchus (Wiedemann) (these species were considered
congeneric until recently; Reinert, 2000). Aedes aegypti is an
obligately freshwater species that inhabits open containers
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The pH regulatory abilities of two members of the
mosquito tribe Aedini, known to have dramatically
different saline tolerances, are investigated. The
freshwater mosquito Aedes aegypti and the euryhaline
Ochlerotatus taeniorhynchus tolerate very similar pH
ranges. Both species complete larval development in
waters ranging from pH·4 to pH·11, but naïve larvae
always die in water of pH·3 or 12. Across the pH range
4–11, the hemolymph pH of O. taeniorhynchus is
maintained constant while that of A. aegypti varies by 0.1
pH units. The salt composition of the water (3.5·g·l–1 sea
salt, 3.5·g·l–1 NaCl, or nominally salt-free) has no effect on
the range of pH tolerated by A. aegypti. In both species,
the effects of pH on larval growth and development are
minor in comparison with the influence of species and sex.
Acclimation of A. aegypti to pH·4 or 11 increases survival
times in pH·3 or 12, respectively, and allows a small
percentage of larvae to pupate successfully at these
extreme pH values. Such acclimation does not compromise
survival at the other pH extreme.
Key words: mosquito larvae, pH regulation, pH acclimation, life
history, Aedes aegypti, Ochlerotatus taeniorhynchus.
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2303pH regulatory abilities of larval mosquitoes
euryhaline species demonstrate that the salt gland, found
only in euryhaline osmoregulators, is not involved in pH
regulation. Survival of larvae of the mosquito Aedes dorsalis
in highly alkaline lakes has been attributed to Cl–/HCO3
exchange occurring in the anterior rectal segment (Bradley
and Phillips, 1977; Strange et al., 1982, 1984; Strange and
Phillips, 1985). The data presented here are consistent with
these observations, and demonstrate that pH regulation in
acidic waters does not require a posterior rectal salt gland
either. The organs involved in pH regulation in acidic waters
have yet to be determined.
We were surprised to find that the pH tolerances of Aedes
aegypti appear to be similar in nominally salt-free water and
in water containing 3.5·g·l–1 NaCl or sea salt. In aquatic
animals, movement of acid/base equivalents is generally
coupled with movements of strong ions such as Na+ and Cl–
(Cooper, 1994; Truchot, 1987). In aquatic insects in general,
failure to survive in acidic water appears to be due to failure
to regulate Na+ rather than failure to regulate hemolymph pH.
This is presumably due to sacrifice of Na+ to maintain
hemolymph pH through Na+/H+ exchange (Wiederholm, 1984;
Havas, 1981). In mosquitoes, ion exchange mechanisms have
been investigated primarily in terms of Na+ and Cl– uptake
(Stobbart, 1971; Strange et al., 1982, 1984; Strange and
Phillips, 1985; Patrick et al., 2002a,b). However, based on the
coupling of Na+/H+ and of Cl–/HCO3– transport, one might
expect the range of tolerable pH to be greater in the presence
of NaCl; no such influence of NaCl was detected.
There are no major trade-offs between pH regulation in
acidic and alkaline conditions in these larvae. We find that
acclimation to low and high limits of the pH range allows
larvae to tolerate even more extreme pH levels with no loss of
ability to survive at the other pH extreme. The ability to
tolerate sudden changes in pH from one extreme to the other
suggests that major qualitative rearrangements of transporter
expression are not necessary when faced with either a highly
acidic or alkaline environment, while acclimatory expansion of
the pH range suggests that qualitative changes in capacity are
possible. We therefore hypothesize that the mechanisms of
acid and base excretion are physically separate and
independent, as in the acid- and base-secreting cells of the
mammalian kidney (Brown et al., 1992). The ability to cope
with rapid changes in pH may be a consequence of having
separate mechanisms for acid and base secretion, rather than
an adaptation providing the capacity to tolerate sudden changes
in pH. However, these data also suggest that there exist
mechanisms that allow rapid adjustments of the activity of
existing transporters upon changes in ambient pH.
Extremes of ambient pH have little effect on growth and
development of larval mosquitoes, whereas species and sex
exert strong influences. These species thus exhibit life history
parameters that are remarkably robust in the face of an
enormous range of ambient pH. The minor influence of pH on
growth and development is rather surprising, especially
considering that the effects of salinity on pupal mass and
growth rates are much more dramatic (Clark et al., 2004). The
minor influences of pH on pupal mass and growth suggest that
either pH regulation is not metabolically expensive at extreme
pH or that larvae can compensate by increasing dietary
consumption and/or utilization of nutrients. One physiological
attribute that may contribute to their pH tolerance is their
method of gas exchange. Havens (1993) found that the three
most acid-sensitive species of aquatic insects were those with
the greatest surface area of external permeable structures. As
air breathers, larval mosquitoes do not require intimate contact
between highly permeable respiratory surfaces and the
surrounding water.
Values obtained in the present study for hemolymph pH of
O. taeniorhynchus are similar to those obtained by Giblin and
Platzer (1984) in this species (7.62±0.14), and those obtained
by Strange et al. (1982) for hemolymph of Aedes dorsalis
reared at pH·10.5 under varying HCO3– concentrations.
The data presented here extend these observations by
demonstrating that both freshwater and euryhaline mosquitoes
can maintain these hemolymph pH values across a wide range
of ambient pH values (from 4 to 11 in these species). This
remarkable pH regulatory ability is the key to the ability of
mosquito larvae to tolerate such broad ranges of ambient pH.
Ochlerotatus taeniorhynchus appears to be a somewhat more
effective regulator than A. aegypti, as hemolymph pH of O.
taeniorhynchus is constant across the entire pH range whereas
that of A. aegypti changes by 0.1·pH unit as ambient pH
increases from 7 to 11. Ochlerotatus taeniorhynchus thus has
a hemolymph pH that is higher than that of A. aegypti at low
and neutral pH. This change in hemolymph pH of A. aegypti
with ambient pH is not associated with any noticeable
difference in survival rates or changes in larval growth or
development parameters, suggesting that it is not of great
physiological significance.
In conclusion, this initial study into the physiology of pH
tolerance in larval mosquitoes describes what must surely be
one of the most pH-insensitive groups of animals in existence.
Not only do larvae survive across seven orders of magnitude
of ambient H+ concentration, but instantaneous transfer from
one extreme of the tolerable range to the other has little
discernable effect on growth and development. Mosquito
larvae are also unusual in that their acid tolerances in low Na+
water are similar to those in 3.5·g·l–1 NaCl.
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